To investigate the factors influencing the bystander effect Ð a key element in the efficacy of suicide gene therapy against cancer Ð we compared the effect triggered by four extremely efficient gene / prodrug combinations, i.e., VZVtk / BVDU, the thymidine kinase of Varicella zoster virus associated with ( E ) -5 -( 2 -bromovinyl ) -2 H -deoxyuridine; VZVtk / BVaraU, the same enzyme associated with ( E ) -5 -( 2 -bromovinyl ) -1 --D -arabinofuranosyluracil; HSVtk / BVDU, the association of the Herpes simplex virus thymidine kinase with BVDU; and the classical HSVtk / GCV ( ganciclovir ) paradigm. The cells used, the human MDA -MB -435 breast cancer, and the rat 9L glioblastoma lines were equally sensitive in vitro to these four associations. In both cell types, the combinations involving pyrimidine analogues ( BVDU, BVaraU ) displayed a smaller bystander killing than the combination involving the purine analogue ( GCV ) . In addition, the bystander effect induced by all the tk / prodrug systems was reduced in MDA -MB -435 cells in comparison to 9L cells; albeit, the viral kinases were produced at a higher level in the breast cancer cells. All systems induced apoptotic death in the two cell types, but the MDA -MB -435 cells, deprived of connexin 43, were noncommunicating in striking contrast with the 9L cells. That functional gap junctions have to be increased in order to improve the breast cancer cell response to suicide gene therapy was demonstrated by transducing the Cx43 gene: this modification enhanced the bystander effect associated in vitro with GCV treatment and, by itself, decreased the tumorigenicity of the untreated cells. However, the noncommunicating MDA -MB -435 cells triggered a significant bystander effect both in vitro and in vivo with the HSVtk / GCV system, showing that communication through gap junctions is not the only mechanism involved. Cancer Gene Therapy ( 2000 ) 7, 1456 ± 1468
G ene therapy is a promising approach for the treatment of human cancers. The introduction into tumoral cells of à`s uicide'' gene, whose product is able to activate a nontoxic prodrug into a toxic compound, is a powerful method to selectively kill the modified cells. The most frequently used system consists of transferring the Herpes simplex thymidine kinase gene ( HSVtk ) into tumor cells and to treat them with ganciclovir (GCV ) . This guanosine analogue is specifically monophosphorylated by the viral kinase and then converted by cellular enzymes into the triphosphate derivative, which, upon incorporation into elongating DNA, induces cell death by premature chain termination. The efficacy of the HSVtk / GCV system first described by Moolten 1 in 1986 has been demonstrated in many different types of tumoral cells in vitro and in vivo, and it is currently under clinical investigation as treatment for a wide variety of cancers.
A major obstacle to successful cancer gene therapy is the poor efficiency of the gene transfer process resulting in the limited number of cells that can be modified within the tumors. 2 ± 7 The HSVtk /GCV paradigm can overcome this problem, at least in part, thanks to the so-called``bystander effect''; cells surrounding the HSVtk positive cells are also dying when the prodrug is applied; therefore, not all the tumoral cells need to be transduced in order to observe a significant tumor regression. 1, 2, 8, 9 Thus, in some syngeneic models, the implantation of an equal proportion of HSVtk positive cells and unmodified tumoral cells is sufficient to eradicate all tumors; with only 10% HSVtk positive cells, a tumor regression is observed in 75% of the GCV-treated animals. 2, 8, 9 Because bystander killing is critical for the successful eradication of tumors, a better understanding of this phenomenon is a prerequisite for attempts aimed at enhancing the efficacy of an antitumoral treatment by suicide gene transfer. The mechanisms through which the bystander effect operates are not well understood and may be different from one cell type to another. Bystander effect seems to require a close proximity between the cells 9 and may proceed through the phagocytosis of apoptotic vesicles released from dying tk + cells 9 ± 12 and /or through the passage of toxic GCV metabolites into neighbouring cells possibly via gap junctional intercellular communication ( GJIC ). 13 ± 19 Moreover, in vivo, the bystander effect appears to have an important immunological component. 4,20 ± 24 The presence of HSVtk -expressing tumor cells treated with GCV may trigger a local release of cytokines, 23, 25 as evidenced by T lymphocyte and macrophage infiltration in the tumors. 20, 22, 23, 26 The animals, whose tumor successfully regressed after an HSVtk /GCV treatment, can even develop a significant immunity to unmodified tumor cells. 4, 26, 27 One approach to identify the factors that play a role in bystander effect is to evaluate the ability of another viral tk gene and of other nucleoside analogues to induce such an effect. Our previous work focused on the potentialities offered to gene therapy by the thymidine kinase of another herpes virus, Varicella zoster ( VZV ). This enzyme, when compared to HSVtk, has marked differences in substrate specificity, and in particular lacks affinity for GCV. 28 Working on two types of tumoral cells of different origin Ð the human MDA -MB -435 breast cancer cells and the rat 9L glioblastoma cells Ð we found that two pyrimidine analogues, BVDU ( ( E ) -5 -(2 -bromovinyl ) -2 H -deoxyuridine ) and BVaraU ( (E ) -5-( 2-bromovinyl) -1 --D -arabinofuranosyluracil ), kill the VZVtk + cells with very high efficiency. 29, 30 Four suicide gene /prodrug systems were thus described, VZVtk /BVDU, VZVtk /BVaraU, HSVtk / BVDU, and HSVtk /GCV. Although their 50% inhibitory concentrations (IC 50 values ) for tumor cells in vitro were similar and extremely low, their in vivo activity differed greatly. The VZVtk /BVDU system reduced significantly the development of tumors derived from modified breast cancer cells implanted in nude mice, but the HSVtk / GCV combination was more efficient and eradicated 50% of the tumors. 30 To understand this difference, we have investigated here the bystander effect associated with these two tk viral genes on both tumoral cell lines. The measurement of the bystander effect associated with BVDU, BVaraU, or GCV treatment revealed major and additive influences of the type of prodrug and the type of cells. We demonstrated that the bystander effect can be modulated by modifying the GJIC. However, the breast cancer cells, which are not communicating, are able to trigger a bystander effect associated with GCV treatment both in vitro and in vivo. This effect is enhanced by Cx43 re -expression, a modification that also decreases the tumorigenicity of the untreated cells. These findings should be taken into account to improve tk gene therapy efficiency against breast tumors.
MATERIALS AND METHODS

Cell lines and cultures
The amphotropic packaging cell lines GP + envAm12
31
( received from Genetix Pharmaceuticals, Cambridge, MA ) and PA317 32 g /mL ) . Cell cultures were maintained at 378C in 5% CO 2 .
Cell proliferation was measured on cells ( 10 4 ) seeded in 24 -well plates in sextuple and cultured for 11 days. Every day, samples were sonicated and their DNA contents were determined by fluorimetry using bis -benzimidazol H33258 reagent (Hoechst, Brussels, Belgium ) as described in Ref. 33 
Retroviral vectors
The plasmid vectors used in this study were derived from the Moloney Murine Leukemia Virus ( MoMuLV ). The LNPOVZVtk vector is a dicistronic construction containing in sequence the 5 H -LTR, the neo gene, the IRES element from poliovirus type 2, and the VZVtk gene. 29 In the LTKSN vector, 34 the HSVtk gene is under the LTR control, but the neo transcription depends on an SV40 internal promotor. The retroviral producer cell line PA317.Cx43.N3 ( kind gift of Dr. Finocchiaro, Milan, Italy) had been transfected with the plasmid pLXSN -Cx43 in which the human Cx43 gene is downstream from the viral LTR and upstream from the SV40 promotor and neo gene. 35 Transfection, titration of the retrovirus -containing supernatants, and retroviral infection were performed as previously described. 29 All vector preparations were checked by a mobilization assay; 36 no replication competent virus was ever detected. Selection of infected cells was made in the presence of 425 and 500 g active geneticin per milliliter for MDA -MB -435 cells and 9L cells, respectively.
In vitro measurement of the bystander effect
The bystander effect was evaluated in vitro on MDA -MB-435 and 9L cells by culturing mixtures of tk + and parental cells in various proportions ( 0%, 10%, 25%, 50%, 75%, and 100% ). Cell mixtures were seeded (2Â10 5 per well in sixwell plates, in triplicates ), grown to 80% confluence ( 3 and 4 days for MBA -MB -435 and 9L cells, respectively ), then treated with 10 M prodrug, i.e., BVDU ( Sigma, St. Louis, MO and Berlin Chemie, Berlin, Germany ), BVaraU ( Bristol Myers Squibb Pharmaceuticals, Brussels, Belgium ) , or GCV (Roche, Basel, Switzerland ). The medium was changed every 2 days and the living cells were counted after 5 days using the Trypan blue exclusion method. Percent survival was expressed as a function of the cell number counted in the same mixed culture without drug. When indicated, 18 -glycyrrhetinic acid (AGA ) (Sigma) was added to the medium at a final 70 M concentration 6 hours before starting the BVDU treatment. Data were the mean values ( SD ) of two or three independent experiments.
Assay for apoptosis
MDA -MB -435 tk + and 9L tk + cells were cultured to 80% confluence, treated with 10 M prodrug ( BVDU, BVaraU or GCV ) for 24, 36, or 48 hours, and then scraped, counted, centrifuged (850Âg for 10 minutes ) , rinsed with phosphate -buffered saline ( PBS ) , and kept frozen at À 808C. Negative controls were identical but untreated cell cultures, and positive controls were fresh thymocytes from a 3 -weekold Balb /c mouse cultured for 12 hours in DMEM (Gibco-BRL ) without serum, a treatment known to induce their apoptotic death. 37 Cellular pellets were treated for 1 hour at 378C by 500 L 10 mM Tris ± HCl buffer pH 8.0, containing 20 mM EDTA, 0.2% (vol /vol ) Triton X -100, and 0.6 mg / mL proteinase K (Roche Diagnostics GmbH, Mannheim, Germany ). They were then centrifuged for 20 minutes at 10,000Âg in order to pellet the intact genomic DNA. Supernatants were treated with 100 g /mL RNAse A ( Roche Diagnostics GmbH, Mannheim ) for 30 minutes at 378C and then extracted twice with phenol /chloroform ( 1:1 ). Fragmented DNA was precipitated overnight at À 208C with isopropanol, collected by centrifugation ( 10,000Âg, 30 minutes, 48C ), dried, and resuspended in TE (10 mM Tris ± HCl, pH 7.0, with 1 mM EDTA ). DNA samples (corresponding to about 7Â10 6 cells ) were loaded onto a 1.5% (wt /vol ) agarose gel together with 1 g of the molecular weight marker``100 -bp ladder'' ( Roche Diagnostics GmbH, Mannheim ).
Western blot analysis of Cx43 production
Cells infected with the Cx43 vector and control cells were rinsed twice with PBS (3.9 mM KCl, 2.1 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , 138 mM NaCl, pH 7.4 ) and lysed in the culture dish by adding 400 L buffered RIPA [ 10 mM Tris ± HCl, pH 7.4 supplemented with 150 mM NaCl, 1% ( wt/ vol ) sodium deoxycholate, 0.1% ( wt /vol ) sodium dodecyl sulfate (SDS ), 1% (vol /vol ) Triton X -100, 10 g/mL aprotinin, 5 g /mL leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride ]. After centrifugation ( 12,000Âg, 30 minutes, 48C ), the total protein contents in the supernatants were measured with Bradford's assay ( Bio -Rad Protein Assay, Bio -Rad, Hercules, CA ) and they were analysed ( 20 g/ sample ) by SDS ± 12% ( wt/ vol ) polyacrylamide gel electrophoresis. The separated proteins were transferred to an Immobilon -P filter (Millipore, Bedford, MA ) by electroblotting. Filters were blocked at room temperature for 1 hour with 5% ( wt /vol ) powdered milk in Trisbuffered saline [ 20 mM Tris ± 137 mM NaCl, pH 7.6 containing 0.1% (vol/vol ) Tween -20 (TBS -T ) ] and incubated for 2 hours with a rabbit anti -Cx43 antiserum (2 g /mL in TBS -T, Zymed Laboratories, San Francisco, CA ) reacting with the rat and human 43 -kDa protein. Filters were then washed three times with TBS -T and incubated for 1 hour with horseradish peroxidase ± conjugated swine antirabbit IgG ( Dako, Glostrup, Denmark ) diluted 1 /1000 in TBS -T. The reaction was visualized using the ECL chemiluminescence detection kit (Amersham, Uppsala, Sweden ).
Immunofluorescent detection of Cx43
Cells infected or not with the Cx43 vector were grown for 24 hours on coverslips then washed twice with PBS and fixed with acetone /methanol 1:1 for 20 minutes at À 208C. After saturation for 30 minutes at 378C with 5% (wt /vol ) powdered milk in PBS, the cells were incubated for 1 hour at 378C with 10 g rabbit anti -Cx43 antiserum ( Zymed Laboratories ) per milliliter of PBS supplemented with 5% ( wt /vol ) powdered milk, washed three times with PBS, and then incubated for 1 hour at 378C with fluoresceinconjugated swine antirabbit IgG ( Dako ) diluted 1 /40 in PBS supplemented with 5% ( wt /vol ) powdered milk. The cells were washed twice with PBS, mounted with Fluoprep ( BioMe Ârieux, Marcy L'Eloile, France ), and examined using a Leitz epifluorescent microscope.
Intercellular communication assays
(a) Scrape-loading on 9L cells seeded at 2Â10
5 /well (in six -well plates ) and grown for 4 days until confluency, according to the technique of El-Fouly et al. 38 The cell lawn was rinsed twice with PBS, covered with a 1% (wt /vol ) Lucifer Yellow ( Sigma ) solution in 0.33 M LiCl, and scraped with a scalpel blade. After a 5 -minute incubation in the dark, the cells were rinsed twice with PBS, fixed with 4% ( wt /vol ) paraformaldehyde for 20 minutes, rinsed twice again with PBS, and then observed under a Leitz epifluorescence microscope. The extent of GJIC was estimated by counting the number of Lucifer Yellow ± positive cells perpendicular to the wounded cells.
(b) Microinjection was made using an Eppendorf 5171 micromanipulator equipped with a microinjector Eppendorf 5272. Randomly chosen cells ( 15 per experiment ) among confluent cells on a Petri dish were microinjected (for 0.7 second under a 400 -hPa pressure ) using glass capillary micropipettes with 2 L of a 0.33 M LiCl solution containing 2.5% (wt /vol ) Lucifer Yellow and 20 g /mL Texas Red ± conjugated rabbit immunoglobulin antimouse IgG (Dako ). 39 After a 10-minute incubation in the dark, the cells were rinsed twice with PBS, fixed for 10 minutes with 10% ( wt / vol ) paraformaldehyde, rinsed twice with PBS, and then observed under a Leitz epifluorescence microscope. The extent of intercellular communication was determined by counting around the red -labeled microinjected cells ( because of the IgG ) , the adjacent green -labeled cells ( reached by Lucifer Yellow through gap junctions ) . Results were expressed by the mean number ( SD ) of green cells per injected red cell.
( c) To inhibit the 9L intercellular communications, confluent cells in six -well plates were treated for 6 hours or 3 days with AGA (Sigma ) as described. 40 Stock solution of 50 mM AGA was made in DMSO and was used at final 70 M concentration. The final concentration of DMSO was always 0.14% ( vol /vol ) in medium containing AGA and in the experimental controls.
Tumor growth in nude mice
Noninfected and retroviral -infected MDA -MB -435 cells were trypsinized, counted, centrifuged, and resuspended in serum -free medium. Cells (10 6 ) were injected subcutaneously into 5-week -old female athymic nude mice ( nu/ nu Swiss mice from Iffa Credo, L'Arbresle, France ). For the in vivo bystander effect study, mixtures of 10 6 cells containing 10%, 25%, or 50% tk + MDA -MB -435 cells were injected. The prodrug treatment started 6 days after cell inoculation and was prolonged for 16 consecutive days. The mice were injected intraperitoneally with 2 mg (80 mg /kg ) BVDU or GCV once a day (0.2 mL in sterile PBS ) . Tumor size was measured twice a week with calipers and expressed as mean values ( SD ) between tumor length and width.
RESULTS
Bystander effect induced in vitro by four tk / prodrug combinations
The human MDA -MB -435 cells derived from breast cancer and the rat 9L cells originating from glioblastoma were each infected with retroviral vectors carrying either VZVtk or HSVtk and the transduced cell populations were selected on the basis of their resistance to geneticin. Successful tk expression was indicated by a 2.4 -to 24 -fold increased dThd phosphorylating activity in the transduced versus untransduced cell extracts; 30 although the TK activities produced from the two proviruses in each infected cell line were similar, 9L -transduced cells showed a lesser TK activity than MDA -MB -435 ±modified cells ( 1 vs 5 pmol methyl -3 H -dThd converted per microgram protein per minute, respectively ) . Previously, we tested the sensitization of the viral tk + tumor cells to the prodrugs BVDU, BVaraU, and GCV by measuring the IC 50 values. We were thus able to define four suicide gene / prodrug systems, each of which was endowed with a similar and great efficiency on both tumoral cell types 30 ( Table 1) . These combinations are VZVtk /BVDU, VZVtk / BVaraU, HSVtk /BVDU, and HSVtk /GCV. To examine in vitro the bystander effect associated with these four suicide gene /prodrug combinations, mixed cultures were performed, which contained various proportions of tk + and parental MDA -MB -435 or 9L cells (0%, 10%, 25%, 50%, 75%, and 100% of tk ± expressing cells ). When these cultures reached 80% confluence, the medium was supplemented with 10 M prodrug. The living cells were counted after 5 days of treatment and the viable cell values were compared to the number of cells counted in identical mixed prodrug -free cultures. These experiments were designed to reveal the influence of VZVtk on the extent of the bystander effect, but the results showed a marked cell type dependence. Indeed, as shown in Figure 1 where the results are grouped according to the cell line tested, the bystander effect induced in MDA -MB -435 cells was smaller than that observed with the 9L cells for each of the four active gene /prodrug combinations. On MDA -MB-435 breast cancer cells, the cell survival observed with the VZVtk /BVDU, VZVtk /BVaraU, and HSVtk /BVDU systems corresponded closely to the proportion of parental cells present in the initial populations, suggesting that very low, if any, bystander killing effect is induced. In contrast, on the 9L cells, these tk /prodrug combinations exerted an important bystander effect: the presence of 50% tk + cells in the tumor cell mixtures caused approximately 90% cell death. However, the bystander killing activity of the three systems implying pyrimidine nucleoside analogues did not reach the level displayed by the classical HSVtk coupled with the purine analogue, GCV. On the MDA -MB -435 cells (Fig 1A ) , GCV showed an important bystander killing effect, in marked contrast with BVDU and BVaraU. Indeed, GCV killed as much as 40% and 87% of the breast cancer cells in mixtures containing 10% and 50% HSVtk + cells, respectively. GCV also proved to be most effective on the 9L cell line (Fig 1B ) , eliminating 86% of a cell population that contained 10% HSV tk + tumor cells. Thus, in both cell lines, the bystander effect induced by BVDU and BVaraU was small, whereas the effect displayed by GCV was large. Combining the influence of cellular-and prodrug -associated factors, a scale is obtained, which goes from no demonstrable bystander effect in MDA -MB -435 cells expressing either of two viral tks and treated with BVDU to a maximal effect in the 9L HSVtk + cells treated with GCV.
In vivo bystander effect induced in MDA -MB -435 cells
At this stage, the question arose whether the bystander effect measured in vitro on breast cancer cells could also be observed in vivo. This experiment was done in athymic mice, (10 6 total ) were implanted in nude mice. Systemic prodrug treatment started 6 days postimplantation, was prolonged for 16 days, and the tumor development was followed up to 50 days. The tumor sizes measured 30 days postimplantation are reported in Figure 2 . In BVDU -treated mice, our results are inconclusive. Mixtures containing 10% VZVtk + cells yielded a size reduction equivalent to the 100% VZVtk + mixtures, a result which is, however, not significant because of the large standard deviation. However, the tumors grown from mixtures containing 50% VZVtk + cells were not different from the controls. In contrast, with the HSVtk / GCV treatment, a large bystander effect was conclusively observed ( Fig 2) , especially in mice grafted with mixtures composed of 50% HSVtk + cells, where the 16 -day GCV treatment strongly inhibited the tumor growth for 6 weeks. At day 54 postimplantation, the size of these tumors was still 8% that of the untreated tumors and, in one of three mice, the tumor was completely eradicated because no regrowth occurred during the following 6 months. This result, completely similar to that obtained with treated tumors containing 100% HSVtk + cells, demonstrates that the HSVtk /GCV system induces an in vivo bystander effect in the mammary MDA -MB -435 cells.
Induction of apoptotic death
To explain the above results, we investigated the parameters susceptible to influence the bystander effect. First, we examined whether the mechanism of cell death differed between the two systems. Indeed, HSVtk / GCV-mediated cell killing could occur via both apoptotic 10 ± 12 and sometimes nonapoptotic 41 pathways depending on the cell line considered, and the mechanism of VZVtk /BVDU -mediated cell killing has not been studied. Therefore, apoptosis was investigated by monitoring``nucleosomal DNA ladder'' formation. MDA -MB-435 cells and 9L cells, both carrying VZVtk, were grown in the presence of 10 M BVDU for 24 ± 48 hours. The low molecular weight DNA recovered from 7Â10 6 cells harvested after 48 -hour treatment revealed, upon analysis by agarose gel electrophoresis, fragmentation typical of apoptosis ( Fig 3A and C, lane 3) . This fragmentation appeared in 9L cells already after a 24 -hour treatment ( data not shown ). The 9L VZVtk + cells were treated with BVaraU for 48 hours and DNA laddering was also observed (Fig 3C, lane 4 ) . For comparison purposes, both types of cells carrying HSVtk were treated with BVDU. The results were that DNA laddering was observed after 48 hours in MDA -MB -435 cells and after 24 hours in 9L cells ( Fig 3B, lane 3 and D, lane 4) , to an extent similar to that caused by a 24-hour GCV treatment in 9L HSVtk + cells (Fig 3D, lane 3) . As a negative control, the DNA recovered from the untreated tk + cells did not show any fragmentation ( Fig 3A ± D, lane 2 ) . Hence, the four studied tk /prodrug combinations do not show any obvious difference in their ability to induce cell death by apoptosis in the two tumoral cell lines tested. One may note that DNA fragmentation occurred in 9L cells after shorter prodrug incubation periods.
GJIC capacity of tumor cells
The next parameter investigated was the degree of intercellular communication present in MDA -MB -435 cells in comparison to 9L cells, which are known to communicate intensively. 14 We set up microinjection experiments on confluent cell cultures in which the injected cells were labeled with red fluorescent Texas Red ±conjugated IgG molecules that are unable to pass from cell to cell through In parallel, the presence of connexin 43 Ð a gap junction protein important in the bystander effect 16 Ð was investigated by Western blot analysis of cellular extracts. As shown in Figure 4 , Cx43 was present in high amounts in 9L cells. Phosphorylated forms of Cx43 accounted for the multiple bands observed, but the 32-kDa band might correspond to Cx32, which is known to be expressed in the rat brain at a low level. 42 In contrast, Cx43 signal was not observed in MDA -MB -435 cells, suggesting that the lack of Cx43 in MDA -MB -435 is one of the factors responsible for the lower bystander effect induced in this cell line.
Introduction of Cx43 in MDA -MB -435 cells
To examine whether Cx43 expression in breast cancer cells could render them GJIC -competent, retroviral vectors carrying the human Cx43 and neo 35 were used to infect MDA -MB -435 cells. A population of geneticin -resistant cells was collected, and several clones were isolated and expanded. The transduced cells were first analysed by Western blotting. As shown in Figure 4 , Cx43 was detected at a very low level in the whole population; among the clones analysed, however, clone 1 revealed a high Cx43 production. The 46 -kDa band corresponded to the serine -diphosphorylated form, which is known to be the most active species of the functional connexon. 43 To check if the Cx43 expressed in the transduced cells adopted the proper surface topology, immunolocalization studies were performed ( Fig 5 ) using wild -type 9L cells and MDA -MB -435 cells as positive and negative controls, respectively (Fig 5A and B ) . Spots of Cx43 were observed at the periphery of the breast -transduced cells ( Fig 5C and D ) . The punctuated fluorescence was especially intense in the image given by the clone 1 cells ( Fig 5D ) . As estimated by the dye transfer assay, the Cx43 produced in the transduced cells was organized as functional gap junctions (Table 2 ) since in the cell population, intercellular communication was observable but mainly because in clone 1, it reached the GJIC ability measured on 9L cells.
To further characterize the Cx43 -producing breast cancer cells, we first followed the clone 1 proliferation in vitro and observed a mean doubling time slightly higher for the Cx43 cells as compared to the parental cells ( 32.8 1.7 vs 25.6 1.1 hours, respectively ) . We then determined whether the Cx43 expression decreases the tumorigenicity of MDA -MB -435 cells, as this was previously observed in hepatoma, HeLa, and C6 cells with the Cx32, 44 Cx26, 45 and Cx43 genes, 46 respectively. For this purpose, the tumors induced subcutaneously in athymic mice (n =4) by 10 6 parental or Cx43-modified clone 1 MDA -MB -435 cells were examined for 53 days. The tumorigenicity of the Cx43-modified clone 1 cells was considerably diminished when compared to parental cells (mean tumor size at day 53: 6.9 2.75 vs 15.6 3.4 mm ).
Influence of GJIC on the bystander effect in breast cancer cells
As one Cx43 -MDA -MB -435 clone displayed a high extent of intercellular communication, we tested the role of GJIC in bystander cytotoxicity on these breast cancer cells. For this purpose, tk -expressing MDA -MB -435 cells were cocultured in different proportions with wild -type and Cx43 clone 1 breast cancer cells, respectively. The bystander killing was estimated as described previously by comparing the viable cell number in prodrug-treated mixed cultures to the cell number counted in identical prodrug-free mixed cultures. The effect induced by the VZVtk /BVDU or the HSVtk / GCV systems was analysed ( Fig 6A and B ) . No apparent GRIGNET -DEBRUS, COOL, BAUDSON, ET AL: BYSTANDER EFFECT MODULATION bystander effect was detected with the VZVtk / BVDU system in mixtures containing the Cx43 clone 1 cells, as already observed with wild -type cells ( Fig 6A ) . However, the Cx43 clone 1 cells exhibited an increased bystander killing with the HSVtk /GCV combination when compared to the effect induced on wild -type cells ( Fig 6B ) . In cell mixtures consisting of 10% HSVtk + cells, GCV inhibited the growth of wild -type cells by 41% and of Cx43 clone 1 cells by 72%. Hence, connexin 43 expression in MDA -MB-435 cells induces an increased bystander killing capacity of tk + breast cancer cells, demonstrable only with the HSVtk / GCV system.
Influence of GJIC on the BVDU -mediated bystander effect in 9L cells
It was known that the bystander effect induced in 9L cells by HSVtk /GCV was influenced by the extent of GJIC.
14 To examine in this cell line the role that GJIC may play in the bystander effect mediated by BVDU, the GJIC long -term inhibitor, AGA, 47 was used. The inhibition of intercellular communication in 9L cells upon a 6 -hour or a 3-day treatment with AGA was assessed by the scrape-loading dye transfer assay. Important GJIC was found in untreated 9L cells in which the dye passed to a depth of 8 layers of contiguous cells after scalpel incision. In 9L cells treated with AGA, the dye transfer was reduced to 50%, and only a small proportion of cells along the scalpel line showed dye uptake ( data not shown ). This GJIC inhibition appeared 6 hours after the addition of AGA to the culture medium and was maintained during the 3 -day treatment. A bystander experiment was then performed with mixtures of wild -type and VZVtk -expressing cells, and the BVDU treatment was preceded or not, 6 hours before, by the addition of 70 M AGA to the culture medium ( Fig 7) . AGA affected the extent of the bystander effect mediated by BVDU, especially in mixtures containing 50% tk + cells where the survival was increased by 32%. Hence, GJIC appears to be + and parental cells in various proportions ( 10%, 25%, and 50% ) were made and treated with BVDU as described above, except that 70 M AGA was added to the culture medium 6 hours before the beginning of the BVDU treatment. The living cells were counted after 5 days using the trypan blue exclusion method. Percent survival was expressed as a function of the cell number counted in the same mixed culture without BVDU. Data were the means ( SD ) of three independent experiments.
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DISCUSSION
The present study shows major differences in the bystander killing potency of VZVtk and HSVtk genes depending on the tumoral cell line tested, and also on the antiviral nucleoside analogue applied. In MDA -MB -435 cells, the VZVtk / BVDU, VZVtk / BVaraU, and HSVtk /BVDU combinations induced low, if any, bystander effect, in contrast to the classical HSVtk /GCV system, which displays a good bystander killing ability. In 9L cells, however, these four tk / prodrug couples each exert a pronounced bystander effect, with the HSVtk /GCV causing the most important one. These results are rather unexpected because the IC 50 values for tumor cell proliferation of the purine ( GCV ) and pyrimidine ( BVDU and BVaraU ) nucleoside analogues are quite similar in MDA -MB -435 and 9L cells (Table 1) . Therefore, our experiments indicated that cellular -and prodrug -associated factors influence the bystander killing potency in an apparently additive fashion.
It is very unlikely that cell death triggered by the four studied tk /prodrug systems in the two tumoral cell lines tested occurs through different mechanisms. These combinations are endowed with a pronounced bystander killing effect in 9L cells and they induce an apoptotic death of transduced glioma cells. However, the VZVtk / BVDU and HSVtk /BVDU systems do not display a bystander effect on MDA -MB -435 cells; nevertheless, they cause the apoptotic death of transduced breast cancer cells. Thus, cell death in cultures that do show or not a bystander effect proceeds through a similar mechanism, suggesting that apoptotic vesicle transfer is unlikely to be the major factor involved in the toxicity transfer. These results agree with other reports on HSVtk / GCV system demonstrating that a bystander effect can be induced in hepatocarcinoma cells without any evidence of apoptotic cell death 48 and that the transfer of phosphorylated GCV occurs before the appearance of apoptotic degeneration. 49, 50 The results presented here show that one of the major factors that differentiate 9L cells from MDA -MB -435 cells is the presence of functional GJIC, thus giving support, at least in part, to the idea that the extent of the bystander effect and the level of gap junctions by which toxic prodrug metabolites can be transferred are correlated. 14 55 reported that normal kidney and hepatoma rat cells that express Cx43 can take up a membrane -impermeable dye from the culture medium through hemichannels not aligned with those of neighbouring cells. The Cx43 connexons may represent a potential mechanism for uptake of cytotoxic factors like GCV nucleotides excreted in the pericellular environment. 50 The possible use against breast cancer cells of pharmacologic agents like retinoids or cyclic-AMP known to increase Cx43 expression and to upgrade the bystander killing ability, 56 in particular in a mouse mammary carcinoma cell line displaying low GJIC, 57 is worthy of consideration. However, in human breast tumor cells, treatment with retinoic acid, cyclic -AMP, or other related drugs does not induce Cx43 mRNA expression, 51 confirming the observation that in tumor cells, which totally lack gap junctions expression, dye transfer cannot be promoted by these agents. 58 Further study is necessary to clarify the role (s) of Cx43 expression in the bystander effect induced in breast cancer cells. However, Cx43 exerts in vitro and in vivo a strong negative growth control on MDA -MB -435 cells, suggesting a possible dual effect as tumor suppressor and mediator of bystander effect in these tumor cells. This effect, already reported for the Cx26 gene on HeLa cells, 59 may provide a mean of improving the tk gene therapy efficiency against breast tumors.
In addition to the relevance of cellular factors in bystander killing, our comparison of VZVTK and HSVTK bystander killing potency indicates that the type of prodrug associated with the viral TK is more important than the enzyme itself. Indeed, in both tumoral cell lines, the pyrimidine nucleoside analogues, BVDU and BVaraU, exhibit a weaker bystander killing capacity than the purine analogue, GCV. Moreover, substituting GCV by BVDU in association with HSVtk significantly alters the bystander effect. This striking observation, also made by Degre Áve et al 60 on osteosarcoma cells expressing HSVtk, cannot be related to a greater or less potent inhibitory effect of the prodrugs on the transduced tumor cell proliferation. Therefore, differences in the drug uptake by the nucleoside transporters are excluded. In contrast, it is consistent with the hypothesis that purine nucleotides can travel more efficiently through gap junctions than pyrimidine nucleotides. Data implicating GJIC as the mechanism of GCV nucleotide transfer in vitro have accumulated. 16 ± 19 Regarding the pyrimidine analogues, our observation, that the bystander effect induced by the VZVtk /BVDU system in the 9L cells is reduced when mixtures of tk + and tk À cells are treated with AGA, demonstrates that GJIC also plays a role in the bystander effect induced by these analogues. The possibility, that different gap junction permeabilities exist for a variety of nucleotides, lacks experimental evidence so far. Gap junctions are thought to permit the passage of molecules of up to 1 kDa. Some recent data, however, suggest a new model for connexin channel conductance based on ion ± channel interactions or electrostatic charge effects rather than the conventional aqueous pore model. 61 Also, a differential gap junction permeability of heteromeric (Cx32/ Cx26 ) gap Cancer Gene Therapy, Vol 7, No 11, 2000 GRIGNET -DEBRUS, COOL, BAUDSON, ET AL: BYSTANDER EFFECT MODULATION junctions for cGMP over cAMP has been demonstrated. 62 Furthermore, autoradiographic analysis shows that 3 H-BVDU metabolites formed in HSVtk -expressing tumor cells are incorporated in the DNA of bystander cells less efficiently than 3 H -GCV metabolites. 60 However, this last observation could also be assigned to a more rapid degradation of the 5 H -triphosphate form of pyrimidine nucleotide over purine nucleotide analogues in bystander cells, as reported by Rubsam et al 63 in human glioblastoma cells. Thus, the possible connexin channel selectivity between purine and pyrimidine nucleotides and a more rapid degradation of the triphosphate pyrimidine analogues are factors to take into account when choosing the prodrug to use in tk gene strategy.
Although much work supports the view that GJIC and Cx43 expression are closely correlated with bystander cell killing in the HSVtk /GCV treatment, 35, 46, 64 our data suggest that pathways other than intercellular communication are also involved. Indeed, the killing of the MDA -MB -435 bystander cells occurs in vitro specifically with the HSVtk / GCV system, despite the fact that these tumor cells lack GJIC. In agreement with our results, recent work demonstrates that GJIC may not be the only factor responsible for the HSVtk / GCV-mediated bystander effect; 50, 59, 65, 66 these authors observed an in vitro bystander effect with tumor cell lines exhibiting low or even no GJIC, as the HeLa (cervical carcinoma ) or the SW620 ( colon carcinoma ) human cells, or as the C6 (glioma ) or the DHD /K12 (colon carcinoma ) rat cells. Ongoing experiments are evaluating the possible cytotoxicity of factors present in the culture medium released from tk + cells. We demonstrate that this non ± GJIC -related mechanism is also active in vivo on tumor xenograft implanted in nude mice and consisting of 50% HSVtk expressing cells. Trinh et al 67 have already observed a bystander effect in nude mice tumors derived from human colorectal tumor cell line deprived of GJIC. The immune system may contribute to the bystander effect in addition to factors that are important in vitro. Indeed, nude mice, immunocompromised due to a deficiency of T lymphocytes, have monocytes and macrophages as well as functional NK cells, which seem to be involved in both local and systemic HSVtk /GCV antitumor activities. 68 
CONCLUSION
This study shows that the superior bystander killing effect induced by the HSVtk / GCV system versus the VZVtk / BVDU, VZVtk / BVaraU, and HSVtk /BVDU combinations is a prodrug property that is related with the mode of nucleotide transfer. Our results give support to the involvement of GJIC in the bystander process and also suggest that other yet unidentified mechanisms contribute to the high GCV cytotoxicity towards bystander cells. Considering the importance of bystander killing in the success of an enzyme ±prodrug gene therapy strategy, pyrimidine nucleoside analogues appear less suited than GCV for clinical trials. Finally, Cx43 can be used both as tumor suppressor and diffuser of GCV toxicity in HSVtk -mediated experimental therapy of breast tumors.
